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(57) Extremely hydrophobic nitric oxide (NO) re- 
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devices made using these NO-releasing extremely hy- 
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Description 



FIELD OF THE INVENTION 



1Tp1> h?T k . ^'""'""y °' P^«P«""g ""^''^ releasing highly cross-linked 

cir?' T ' T'""""- '° -°--linked, extremely hydr^hob ymS 

capable o prov,d.ng proloriged release of r,itric oxide under physiological conditions. Specifically the presem m ven tron 
relates to the use of highly cross-linked, extremely hydrophobic polymers as therapeuSc agente EpLSl he 
oCimr '^^'^^^ ^^"^ "'"^ oxide-releasing highly croL-llnked e«^Te; d^' 



BACKGROUND OF THE INVENTION 



3- H °' ^ ^ " ^ '''""^ '""'^'^"'^ ^'^^ *^ ^ P°*^rf"' s'9"«"ng compound and cytostatic aaent 

found ,n nearly every t.ssue including endothelial cells, neural cells and macrophages. Mammanan cdls fylesS 
NO using a two step enzymatic process that oxidizes L-arginine to N-a.hydroxy L-arginine, wf^h s then co v^^^^^^^ 

to L^crtrulLne and an uncharged NO free radical. Three different nitric oxide synthase enzymes regull NO pTduc 
tion, Neuronal n.tnc oxide synthase (NOS1 , or nNOS) is formed wrthin neuronal tissue and plays an essen^arot in 
neurotransmission; endothelial nitric oxide synthase (NOS3 or eNOS), is secreted by endotSr^ls anSi d ce 
vasodilatation; inducible nitric oxide synthase (NOS2 or iNOS) Is principally found in LcroSe CatocvTes^^^^^^^ 
chondrocytes and is associated with immune cytotoxicity 'op ages, nepatocytes and 

[0003] Neuronal NOS and eNOS are constitutive enzymes that regulate the rapid, short-term release of small 
oTate rcGMpfcl" ""'T --"^s NO activates guanylate cyclase which elevates cyclic uTnole mon Phos! 

phate (cGMP) concentrations which ,n turn increase intracellular Ca*2 levels. Increased intracellular Ca-2 concentra- 
tions resurt in smooth muscle relaxation which accounts for NO's vasodilating effects. Inducible I^JOS is responslbte 
for the sustained release of larger amounts of NO and is activated by extracellular factors including endZ^nstid 
cytokines. These higher NO levels play a key role in cellular immunity ^ endotoxins and 

Srv aifnThll^H^^^^^^^^^ " ' numberof clinical indcations including cancer, 

coronary artery heart disease, restenosis, hypertension, angiogenesis. and sexual dysfunction. Moreover recent stud 
es have demonstrated that NO also possesses considerable in vivo and ex vivo antimicrobial activity F^ng FC 

1? oo M i!^o ^'ost/pathogen interactions. Mechanisms of Nitric Oxide-antimicrobial activity j Clin Invesi 

June 15; 99 (12 ;2818-25; Fang, FC, 1999. NrtrIc Oxide and Infection. Kluwer Academic/Plenurpll^hers New 
Yor , see also: United States Patent Number 5,814.666 [the "666 patent"] filed April 24. 1995 and Issued to G een a^ 

i^feroustLases"'' ^""^'"^ ^« ^ 

[0005] Nitric oxide's unique combination of physiological properties has made it an ideal candidate for treating vas- 
cula diseases, specifically fechemic heart disease. Ischemic heart disease results when blood flow to rheart 
restncted, usually as a result of a blockage in the one or more coronary arteries. Most fom,s of ischemic heart dfeease 
are reated using coronary artery bypass graft (CABG) surgery or by restoring blocked vessel patoncy usTng Jranslu 
minal coronaiy angioplasty (PTCA) and/or stent placement ^ 
[0006] However, CABG and FTCA can fail due to restenosis, a multi-factorial process whereby the previously opened 
vessel lumen narrows and becomes re-occluded. Restenosis has been found to occur in appLimately 30% to 50°' 
of angioplasty and other transcatheter patients within three to six months (Currier, J.W. et al. 1995 Restenosis after 

516t20rR"tro:'r'" r T^^'^^^^ '^"^ ^-^-^^ ^ ^m Co Ca d , " 

lnn12 T «.'^*^«"^'^^°'^b°'=yl«« (platelets) adhere to a vessel injury site caused by balloon inflation 

and n l iate thrombogenesis (clot fomiation) and/or vascular smooth muscle cell over-proltferation (hyperp^Li^) a1 a 
result^the previously opened lumen begins to narrow, restricting or occluding the irijured vessel Rerenr^^^^^^^^ 
eTcerr'"''' '''' I ^^'-''^^^^^-^-^ -tl-smooth muscle proliferative effects of NO can ^gnS 
mooth r^u Jir.;" T ^ T ^-^^ -'^--9— Po'V-ers reduce platelet adhesion and 

IZTh Tfl Biomatenals; 21 (22): 2273-8; Buergler, J.M. et al. Use of nrtrfc-oxide-eluting poJer- 

coated stents for prevention of restenosis in pigs. Coron. Artety Dis.: 11(4): 351-7; Janero, D R. et al nZc oxide and 
postangioplasty restenosis pathological correlates and therapeutic potential. 29(1 2): 1 1 99-221 ; Le Tou nea T et al 
abbTt: SL? r I " experimental balloon angioplasty in the hypercholes erolemic 

it^tTT ^yperpiasia and vascular remodeling. 33 (3): 876-82). Consequently significant intrTlt 

[0007] Another method for treating an ischemic organ, especially the heart, is to revascularize the affected area bv 
inducing the growth of new blood vessel and capillaries. This process, called angiogenesis. has rereivTd c^siS^^^^^^ 
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attention as an alternative to CABG and PTCA for the treatment of ischemic heart disease (Dulalc, J. et al., 2000. Nitric 
oxide induces the synthesis of vascular endothelial growth factor by rat vascular smooth muscle cells. Arterioscler 
Thromb Vase Biol; March;20(3): 659-666). Compounds shown to induce or up-regulate angiogenesis include nitric 
oxide, fibroblast growth factor (FGF) vascular endothelial growth factor (VEGF) and members of the epidennal growth 
5 factor (EGF) family such as transforming growth factor alpha (TGF alpha), transforming growth factor beta (TGF beta), 
belacellulin, amphiregulin, and vaccinia growth factor among other faclors. Nitric oxide is involved in the regulation of 
these biochemicals, therefore under certain conditions NO may exert angiogenic effects. 

[0008] The in vivo use of NO-releasing compounds to induce angiogenesis, prevent restenosis, reduce unwanted 
thrombogenicity, and promote wound healing appears to be promising. However, the current NO-releasing techniques 

10 have failed to fully mimic the natural NO release associated with endothelial cells. As previously mentioned, natural 
NO production is regulated by a combination of constitutive and Inducible enzymes. Endothelial colls, the primary 
regulator of vascular homeostasis, are provided with continuous low levels of NO release through constitutive enzyme 
(eNOS) activity. Moreover, when required, inducible enzymes (iNOS) can provide cells with momentary bursts of NO. 
In principle, such transient physiological bursts of NO can be mimicked using polymers or metallic surfaces coated 

15 with NO-donatIng materials that release NO immediately upon exposure to aqueous physiological environments. How- 
ever, the sustained delivery of low levels of NO by endothelial cells has proven to be much more difficult to simulate 
with NO-releasing materials 

[0009] Another daunting task has proven to be the preferential or selective delivery of NO to specific target organs. 

Nitric oxide reacts readily with a variety of biomolecules and can be toxic when administered systemically. Previous 
20 efforts to provide therapeutic NO levels have generally relied on NO prodrugs such as glyceryl trinitrate and sodium 

nitroprusside. These compounds, unlike NO gas, are generally stable; however, their phafmacological activity is usually 

short lived. Moreover, the enzymes and co-factors necessary to convert glyceryl trinitrate into NO are rapidly depleted. 

Hence, repeated use of this compound over short time periods results in the development of drug tolerance. Prolonged 

use of sodium nitroprusside can lead to the excessive generation of highly toxic cyanide which can accumulate as a 
25 result thus limiting its long-term use. Consequently, significant attention has been directed towards the development 

of NO generators or donor compounds that can be used for the sustained localized therapeutic administratton of NO 

without toxic side effects. 

[0010] Nitric oxkte-releasing compounds suitable for in vivo applications have been developed by a number of in- 
vestigators. As early as 1960 it was demonstrated that nitric oxide gas could be reacted with amines to fonn NO- 
30 releasing anions having the following general formula: 

Fomnula 1 
R— R'N— N(0)NO' 

Salts of these compounds spontaneously decompose and release NO in solution. (R.S. Drago et al J. Am. Chem. See. 
1960, 82, 96-98.) 

[0011] Nitre oxide-re leasing compounds with sufficient stability in aqueous physiological buffers to be useful as 
40 therapeutics were ultimately developed by Keefer et al. as described in United States Patent Numbers (USPNs) 
4,954,526, 5,039,705, 5,155,137, 5,212,204, 5,250,550, 5.366,997, 5,405,919, 5,525,357 and 5,650,447 and In J.A. 
Hrabie et al, J. Org. Chem. 1 993, 58, 1472-1476, all of whfch are herein incorporated by reference. Briefly, Hrabie et 
al. describes NO-releasing intramolecular salts (zwitterions) having the general formula: 

45 

Fomnula 2 
R N [N(O)N0]' (C»2)x NHg^R' 

50 Stable NO-releasing compounds of Fomnula 2 (nitre oxide/nucleophlle complexes) have been coupled to a wide range 
of amine containing polymers whose backbone molecular structure is non- or poorly cross-linked (Smith D.J. et al. 

1996 Nitric oxide-releasing polymers containing the [N(0)NO]- group. J Med Chem 39:1148-1156, Putter, S.K. et al. 

1997 Incorporation of nitric oxide-releasing crosslinked polyethyleneimine microspheres into vascular graft. J. Biomed 
Mater Res. 37:182-9, Mowery, K.A, et al. 2000. Preparation and characterization of hydrophobic polymeric films that 

55 are thromboresistant via nitric oxide release. Biomaterials 21 :9-21 , Bauer, J.A. et al. 1998. Evaluation of linear poly- 
ethyleneimine/nitric oxide adduct on wound repair:therapy verses toxicity. Wound Repair and Regeneration, Vol. 6 No. 
6:569-576. The [N(0)NO]-(abbreviated herein after at NONO) containing compounds thus described release NO via 
a first order reaction that is predictable and easily quantified. Such NO-donor compounds are commonly known in the 
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art as diazeniumdiolates. 

[0012] United States Patent Number 5,405,91 9 ("the '91 9 patent") is an example of a patent that describes methods 
for bonding or coupling diazeniumdiolate NO-releasing groups to biologically acceptable polymers. Examples of such 
polymers include polyolefins, such as polystyrene, polypropylene, polyethylene, polyteraf luoroethylene, polyvinylidene, 
or derivatized polyolefins such as polyethyleneimine, polyesters, polyethers, polyurethanes and the like The NO-re- 
lease totals for the polymers cited in the '919 patent were measured in the range of 3 to 11 nmol/mg. Implantable 
medical devices composed of biologically acceptable forms of such polymers represent a potential means for the site- 
specific NO delivery to a particular tissue or target organ. 

[0013] Significant progress has been made in the preparation, fomnulation, and protective group derivatization of 
diazeniumdiolated amines. USPN 5,1 55.137 discloses general methods of preparing poly amine/nitric oxide complexes 
suitable for treating cardiovascular diseases. The '666 patent describes a novel means of formulating a diazeniumdi- 
olated amine by impregnating such moieties in multilamellar liposomes. Liposome encapsulated diazeniumdiolates 
are shielded from the aqueous milieu until phagocytized by a macrophage. Once inside the macrophage, the liposome 
encapsulated diazeniumdiolate releases its contents into the lumen of the phagolysome and there is a corresponding 
generation of NO as the 'Iree" diazeniumdiolate moieties. In vitro studies have shown that the method described in 
the '666 patent is a particularly effective means of killing phagocytized pathogenic microorganisms within macrophages 
Liposome encapsulation of diazeniumdiolates appears to function entirely as a means of enhancing the delivery of 
such compounds to cells as there is no corresponding extension in the half-life of NO release vs. non-encapsulated 
diazeniumdiolates. 

[0014] USPN 5,366,997 discloses techniques by which the distal oxygen atom of the diazeniumdiolate anion can be 
denvatized through the covalent attachment of a protective group. Such modified diazeniumdiolates are generally quite 
stable when exposed to aqueous buffers under conditions of physiological temperature and pH, However certain 
organs are able to metabolically remove the protective group from protected diazeniumdiolates with the concomitant 
fomnation of the parent diazeniumdiolate moiety. 

[0015] The availability of stable NO-releasing diazeniumdiolates has greatly advanced the potential for developing 
NO-delivering medicaments. However, there is still a need for even better control over the duration of in vivo NO 
release. Specifically, there is a need to develop NO-donating polymeric materials that are capable of sustained NO 
release in physiological buffer solutions for periods lasting several months to years. Moreover, there is a need to develop 
materials that can better mimic in situ NO production where NO bursts are followed by sustained lower level release 
of NO delivered directly to a target organ or group of cells. 

SUMMARY OF THE INVENTION 

[0016] It is an object of the present invention to provide highly cross-linked, extremely hydrophobe polymers capable 
of the sustained release of nitric oxide over long periods. 

[0017] It is another object of the present invention to provide highly cross-linked, extremely hydrophobic nitric oxide- 
releasing polymers that are biocompatible. 

[001 8] It is another object of the present invention to provide highly cross-linked, extremely hydrophobic nitric oxide- 
releasing polymers that are biocompatible and in the form of micro-beads. 

[0019] It is another object of the present invention to provide highly cross linked, extremely hydrophobic nitric oxide- 
releasing polymers that are biocompatible and useful as a therapeutic agent. 

[0020] It is another object of the present invention to provide medical devices made using highly cross-linked, ex- 
tremely hydrophobic, nitric oxide-releasing polymers that are biocompatible and provide for the localized delivery of 
nitric oxide in sustained therapeutic levels to target organs or groups of cells. 

[0021] The present invention discloses methods of producing polymers capable of releasing nitric oxide (NO) at 
therapeutic levels for surprisingly prolonged periods. The polymers of the present invention are generally comprised 
of diazeniumdiolated forms of polyamine functionalized divinylbenzene. Most preferably, the polymers of the present 
invention are diazeniumdiolated polyethyleneimine derivatized forms of divinylbenzene. Unlike the prior art, the dia- 
zeniumdiolated polyamines of the present invention are covalently linked to a backbone molecular structure that is 
highly cross-linked and extremely hydrophobic. The polymers of the present invention can be formed into micro-beads 
amorphous masses, or cast into specific shapes. 

[0022] As is known generally in the prior art for NO-releasing agents, the polymers of the present invention can be 
used to treat or prevent a wide range of conditions including, but not limited to, ischemic heart disease, restenosis 
cancer, hypertension, infectious diseases and sexual dysfunction. Moreover, polymers of the present invention can be 
used to promote the growth of new blood vessels and capillaries in a process known as angiogenesis. The NO-releasing 
polymers of the present invention may also be used to reduce inflammation and promote healing when used as a 
coating or substrate for implantable medcal devices and materials including, but not limited to, stents vascular grafts 
pacemaker leads, heart valves, electrodes, sensors, trocars, guide wires, catheters, penile implants', condoms tam- 
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pons, sanitary napkins, ocular lenses, sling materials, sutures, wound dressings/bandages, blood collection bags and 
storage tubes tubing used for blood transfusions and hemodialysis, and the like. 

r00231 The NO-releasing highly cross-linked, extremely hydrophobic polymers of the present invention can also be 
co-polymerized or blended with other biocompatible polymers such as, but not limited to, polyvinyichloride, polystyrene, 
poly-L-lactides/giycolides, poiycaprolactone, polyglycols and the like. Moreover, NO-reieasing polymeric m^cro-beads 
or the present invention can be administered directly lo a target organ or group of cells. For example, the NO-releasing 
dia/enlumdiolaled micro-beads made in accordance with the teachings of Ihe present invention can be injected via a 
catheter directly into the arteries of the heart and allowed to disseminate until they become lodged in the coronary 
micro-vasculature. The polymeric micro-beads of the present invention are generally less than 5 ^m in diameter and 
their migration will be stopped when they encounter vessels that are narrower than the diameter of the beads. Once 
the vessels are occluded, NO from the micro-beads is continuously released in an amount sufficient to induce angio- 
qenosis at the site of blockage. By such a process, the NO-releasing mcro-beads will initiate the development of new 
blood vessels around the site of vascular occlusion. In another embodiment, sustained local levels of NO can be 
aenerated by directly injecting micro-beads into the pericardial sac via a catheter 

[0024] In yet another embodiment, the highly cross-linked, extremely hydrophobic NO-releasing polymers of the 
present invention can be incorporated into or on the surface of a vascular stent. The sustained NO release provided 
bv the diazeniumdioiated polymers of the present invention will prevent restenosis by inhibiting endothelial cell hyper- 
plasia at or near the stent site. Moreover, the NO-releasing stent made in accordance with the teachings of the present 
invention will also inhibit thrombus formation and platelet activation in the vicinity of the device. 
r0025] In summary, the highly cross-linked, extremely hydrophobic NO-releasing polymers of the present invention 
provide compounds that have surprisingly high NO loading capacities and an equally surprisingly long duration of NO 
release when immersed in aqueous physiological buffer solutions. The highly cross-linked, extremely hydrophobic NO^ 
releasing polymers of the present invention release NO for periods exceeding nine months. By comparison with the 
prior art as described in United States Patent Number 5.405,919, the present invention results in increases of several 
orders of magnitude in terms of the quantity and period of sustained NO release. Moreover, the present invention also 
allows for methods of controlling NO load as well as final polymer geometry. This combination of properties enables 
those skilled in the art of polymer science and chemistry to design NO-releasing therapeutics and medica devices 
capable of delivering highly predictable doses of NO for long periods and localized to discrete anatomical sites. 

DETAILED DESCRIPTION OF THE INVENTION 

r00261 Nitric oxide's diverse role as a bioregulatory agent has stimulated significant interest in the biological and 
medical sciences. Numerous approaches have been developed In an effort to provide safe and effective methods for 
administering NO to mammals Including humans. Exogenous NO sources such as pure NO gas are highly toxic, short 
lived and relatively insoluble in physiological fluids. Consequently, the systemic delivery of exogenous NO is generally 
accomplished using organic nitrate prodrugs such as nitroglycerin tablets, intravenous suspensions, sprays and 
transdermal patches. The human body rapidly converts nitroglycerin and other NO prodmgs into NO; however on 
repeated use the enzyme levels and co-factors required to activate the prodrug are depleted. Consequently drug 
tolerance results in 1 0 to 1 2 hour physiological recovery inten/als before organic nitrate administration will again elevate 

[002^]'^ One' potential method for overcoming the disadvantages associated with NO prodrug administration is to 
provide NO-releasing therapeutics that do not require activation by endogenous enzyme systems. Early efforts to 
provide NO-releasing compounds suitable for in vivo use were described in United States Patent Number (USPN) 
4,954,526 issued to Keefer et al. September 4. 1990. The '526 patent disclosed diazeniumdiolated primary amines 
salts having the general fomnula: 

Formula 3 



[r N(H)N(NO)0 ^ X 

L -1 3' 

wherein R is a lower alkyi, aryl, arylalkyi or cycloalkyi, any of which R groups may be substituted by one to three 
functional groups selected from the group consisting of halo, hydroxyl, alkoxy, amino, amido. formyl, carboxyl or nitro; 
and wherein X is a pharmacologically acceptable cation, metal center, or organte group selected from lower alkyl. acyl. 
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or amino and y is 1 to 3 consistent with the valence of X. Many of these compounds were known when the '526 patent 

s ~ ^^'^ '"^ ' - ^--^ - 

5°58?if,r?i!f,'«Tr°''ri °' NO-releasing compounds are described in USPNs 5.380,758, 5,574 068 

5,583, 1 01 , 5,593,876 and 5.770,645. These patents disclose S-nitrosothlols having the general formulae: 

CH3(CH2)xSNO 

or 



HS(CH2)x SNO 



wherein: X equals 2 to 20; and 



ONS(CH2)^ Y 

Wherein: X equals 2 to 20 and Y is selected from the group consisting of fiuoro, C,-Cs alkoxy, cyano, carboxamido 
C3-Ce cycloa kyl aralkoxy C,-Ce alkyteulfinyl, arylthio. C,-Ce alkylamino. C,-C,, Jialkylamino. hydroxy caramoyi' 
»:Mn '^-f C,-C,, N,N-dialkylcarbamoyl. amino, hydroxyl, carboxyl. hydrogen, nitro and aryrwherein 

olTcld riT. "^P'^^y'- ^"'^ 9^°"P«- However the nitrosothioi ^NO reactions are kine^^^aCcom 

plicated and drfficult to control and therefore not as ideally suited for medteaments as the clean first order kL^s 
associated with the diazeniumdiolates. Kinetics 

R ? n ^^^^^'^ diazeniumdiolating amines used in the present invention as originally developed by 

n^f H°f f '"""^ °^ '^^^^ compounds were unstable at temperatures above -78°C and consequently 

TJnTJV°''^lT^J!' ^^'^'^'^'"g '°"9-terTT. room temperature stability (Drago et al. 1960. The 

reaction of nltrogen(ii) with various prima^^ and secondary amines. J. Am. Chem. Soc. 1 81 9-1822. the entire contente 
of which IS hereby incorporated by reference). conienis 
[0030] NO-releasing compounds having sufficient stability to be formulated into pharmaceutical preparations are 
disclosed in USPN 4 954,526 (the '526 patent). However, the prima^. amine derivat^/es of the '526 pment we e h!gh y 
reactive and the ab.i^ to control the NO release rates from these compounds was limited. In an effort to provide a 
more easily controlled release of NO and therefore improve their medical utility, Keefer el al. developed methods for 
diazeniumdiolating secondary amines as disclosed in USPN 5,039.705 (the 705 patent). The 705 patent describes 
diazeniumdiolated secondary amines having the following general stmcture: 

Formula 4: 



Ri 



R2 



■N — o- 



=0 / 



wherein and are independently chosen from straight chain and branched chain C.-C,. alkyi groups and benzvl 
wrth the proviso that no branch occur on the alpha carbon atom of the alkyI groups; o R and^R^ Mer wrt^^ 
nitrogen atom they are bonded to fom, a pyrrolidino. piperidlno. piperazino or morphoiino g oup, and M.t a pharria 
ceuticaily acceptable cation, wherein X is the valence of the cation uM+,sapnarma 
SSnL '"^Pr°ye^ents in the control of NO release were achieved when Keefer et al. developed methods for 

producing novel complexes of NO and polyamines. These compounds were disclosed in USPNs 5,1 55137 and 
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5,250,550 and generally provided three general formulae as follows: 

Formula 5 




Formula 6 
H 

( CH2 )y B 



Formula 7 




In the above Formulae 5, 6 and 7, b and d are independently zero or one; x, y and z are independently tv^o to twelve; 
Ri to Rg are independently hydrogen, C3.B cycloalkyi, C,.i2 straight orbranched chain alkyi, benzyl, benzoyl, phthaloyi, 
acetyl, trifluoroacetyl, p-toluyl, t-butoxycarbonyl or 2,2,2-trichloro-t-butoxycarbonyl; Rg is hydrogen or a -C^g straight 
or branched chain alkyI; B is; 




N2O2- 



f Is zero to twelve, with the proviso that when B Is the substituted piperazine moiety 
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5 




10 then f is two to twelve; and g is two to six. The group NjOj- has the structure: 



N o- 

15 

N==0 



20 The diazeniunndiolates disclosed in the aforementioned patents each have relative advantages and disadvantages. 
The primary advantage is that these diazeniumdiolates can be formulated into biocompatible amine containing poly- 
meric compounds. For example, the '91 9 patent describes biologically acceptable polymers to which NO may be bound 
including polyolefins, such as polystyrene, polypropylene, polyethylene polytetrafluoroethylene, polyvinylidene, poly- 
ethylenimine, polyesters, polyethers, polyurethanes and the like. The primary disavantages of the polymers described 

25 in the '91 9 patent is that they are typically non- or poorly cross-linked and of low to moderate hydrophobicity. The term 
"bound" as used herein includes, covalent bonds, ionic bonds, van der WaasI forces, hydrogen bonding, electrostatc 
bonding and all other methods for attaching NOfunctional groups such as diazeniumdiolates to polymeric compounds. 
In addition to polymeric surfaces, the present inventors have also co-developed methods for providing metallic surfaces 
with covalently bound diazeniumdiolate groups as disclosed in pending United States Patent Application Serial Number 

30 09/567,579 (the "'579 applbation") filed May 5, 2000, the entire contents of which are hereby incorporated by reference. 
[0032] Nitrk: oxide-releasing diazeniumdiolates of the present invention may be provided to polymers by diazenium- 
diolating amine groups within the polymer backbone and/or along pendent groups attached to the polymer backbone 
or through coprecipltation of the polymer. Moreover, the formation of interpenetrating networks and semi-interpene- 
trating networks between diazeniumdiolated polymers and or monomers is also contemplated. The polymers of the 

35 present invention may also be blended with other polymers such as, but not limited to, polystyrene, polypropylene, 
polyethylene, polytetrafluoroethylene, polyvinylidene, polyethylenimine, polyesters, polyethers, polyurethanes and the 
like. More preferably, the polymers of present invention may be extruded as co-polymeric mixtures to form ex vivo 
medical devk:es such as, but not limited to, NO-releasing blood collectton tubes, storage bags, transdennal patches, 
wound dressings/bandages, etc. and the like. 

40 [0033] For example, thrombocytes are presently stored in standard blood collection bags following their separation 
from whole blood. However, due to the extreme thermal sensitivity of thrombocytes they must be stored at or just below 
room temperature. Thrombocytes stored in this manner activate thereby diminishing their therapeutic effectiveness. 
Consequentially, thrombocyte shelf-life on storage is extremely short. However, thrombocytes maintained in storage 
bags made from the blended or co-polymerized polymers of the present invention would immediately release NO on 

^ contact with the solution bathing the thrombocytes. Consequently, the shelf-life of thrombocytes stored in such bags 
would be significantly increased while also greatly reducing the potential for microbial growth. 
[0034] Other embodiments of ex vivo medical devices using the NO-releasing, extremely hydrophobic polymers of 
the present invention include sutures and wound dressings. These wound management devices can be compounded 
to include the NO-releasing mk:ro-beads of the present invention. The suture or wound dressings used to seal or cover 

50 wounds woukJ release NO directly at the injury site. The NO release rate and duration can be adjusted to promote 
wound healing and prevent infections. 

[0035] The polymerc compounds of the present invention, those described in the aforementioned diazeniumdiolate 
patents and the '579 applcation are all suited for site specific, in situ NO delivery. Site specifk:, or localized, NO delivery 
obviates many of the potentially toxic side effects associated with administering NO system ically. The diazeniumdiolates 
55 and polymers of the present invention can be compounded into a variety of medical devices Including, but not limited 
to, stents, catheters, penile implants, condoms, ocular lenses, sling materials, sutures, and the like. These devk:es 
can be used to treat or prevent vascular diseases, sexual dysfunction, infections, hypertension, cancer and many other 
acute and chronic disorders. However, exHCt, prolonged and highly controllable dosing is required in orderto maximize 
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treatment efficacy over such a wide range of diseases using a wide range of medical devices. 

r00361 Exact dosing, especially over prolonged dosing intervals, has not been perfectedfor all potential applications 

using the NO-releasingcompounds developed to date. AS previously stated,theNONO/polyamineadducts(diazenium- 

diolates) of the present invention are highly reactive in physiological conditions. The clean, first order kinetics that make 
5 these compounds so useful also contributes to their one main disadvantage. When exposed to hydrogen ion donors 
such a water or physiological fluids most diazeniumdialoates rapidly break down releasing NO. Consequently, un- 
shielded and unprotected NO groups are generally rapidly depleted resulting in a surge of NO (burst effect) followed 
by a steadily diminishing rate of NO release. In many Instances. NO depletion is complete within minutes to afew hours. 
r00371 Keefer et al have reported a wide variety of nitric oxide/nucleophile complexes capable of providing NO in 
10 biologically active fom« at asemi-predictable rate. These compounds, disclosed in USPN 5.676,963 (the -963 patent") 
incorporate the diazoniumdiolate groups described above into a wide range of polymeric materials including, but riot 
limited to polystyrene, polypropylene, polyethylene, polytetrafluoroethylene, polyvinyldene difluoride, polyvinylchlo- 
ride polyethyleneimine, polyethers, polyesters, polyamides such as nylon, polyurethanes. blopolymers such as pep- 
tides proteins oligonucleotides, antibodies and nucleic acids, starburst dendrimers, and the like. The inventors of the 
15 '963 patent have postulated that the longevity of the NO release from the polymerbound nitric oxide/nucleophile adducts 
described therein is attributable In part to the physical structure of the composition and to electrostatic effects These 
inventors propose that NONO groups present on the surface of the polymers are released immediately on contact wrth 
the physiological medium while those more deeply embedded within the polymer are sterically hindered and require 
more time and energy to be liberated. Moreover, the inventors of the '963 patent have proposed that protonation of the 
20 amine groups in the vicinity of the NONO groups within the polymer exert electrostatic repulsive effects which inhibit 
hydrogen ion attack on the NONO functional groups. ^. , ^ 

r00381 The polymers of the '963 patent represent a significant advance in controlling NO release from medical grade 
polymers However long lived NO-releasing materials are needed to maximize the benefits of polymenc materials for 
localized NO release. It was surprisingly discovered that it is possible to design polymers that permit control over the 
25 rate and duration of NO release. This is achieved by controlling the polymers' hydrophobicity, extent and degree of 
cross-linking, thickness, and pore size of the final polymer using the teachings known to those skilled in the art, 
[00391 The NO-releasing materials of the present invention are composed of polymers containing highly cross-linked, 
extremely hydrophobic backbones with polydiazeniumdiolated polyamines attached thereto. Such highly cross-linked, 
extremely hydrophobic polymere are defined as macromolecules composed of an indefinite number of monomers that 
30 are highly resistant to penetration by water and insoluble therein. Monomers suitable for forming the highly cross- 
linked extremely hydrophobic polymeric materials of the present invention most preferably include, but are not limited 
to divinylbenzene and substituted derivatives thereof. Other polymers suitable for forming useful materials of the 
present Invention include blends or copolymers such as, but not limited to, polyvinylchlohde, polystyrene, poiy-L-lac- 
tldes/qlycolides polycaprolactone, polyglycols, silicones, polypropylene, polyethylene, polytetrafluoroethylene, poly- 
35 vinylidene, polyelhylenimine, polyesters, polycarbonates, polyethers, polylaciones, polyvinyl acetate, polystyrene, poly 
(ethylene terephthalate). polyurea, polyamides, natural rubbers, polyurethanes, hydroxymethyl cellulose, hydroxyethyl 
cellulose hydroxypropylethyl cellulose, sodium carboxymethyl cellulose, dextran as well as copolymers and combina- 



r00401 The NO-releasing diazeniumdiolate groups of the present invention are formed from polyamine pendent 
40 qroups attached to the highly cross-linked, extremely hydrophobic backbone of the polymer. Most preferably such 
polyamine groups include, but are not limited to, polyethyleneimine, piperazine and derivatives thereof. In one embod- 
iment of the present invention the polyamine pendent group is pentaethylene hexamlne. In another embodiment of the 
present Invention the polyamine group is a derivative of piperazine. 

[0041 1 The basic polyamine-derivatized hydrophobic polymer backbone of one embodiment of the present invention 
45 is depcted below: 
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Formula 8 




Where-n R, through R, are the same or different and may be H, phenyl, benzyl, vinylbenzene, divinylbenzene un- 
subs ituted and substituted alkyi and substituted and un-substrtuted aryl groups X, , are same or dSnt and are H 
a halogen, an un-substituted or substituted alkyI and substituted and un-substitu\ed aryl grou^ S ng Jha the 
resulting polymenc backbone remains hydrophobic and wherein at least one of R, and r' is 



Formula 9 



R7 



R9 

-N- 



RlO-13 

N)4 CHy- 



•CH, 



-NH, 



Wherein R^ is a hydrophobic polymeric backbone in accordance with the teachings of the present invention R„ may 

N2O2 -NR3, N,0,X- wherein X is methoxymethyl or other suitable protecting group as specified in (Greene T W et aT 

ZTT^ ^T'' """^^ * ''^^ ^9^^- «"«re contents of whteh is hereby inco : 

porated by reference) and providing that at least one of Rg.,^ is NgOa" 

[0042] Generally, the polyamine derivatized highly cross-linked, extremely hydrophobic polymers of the present in- 

stolsO^T^ZT:^^^^^ '° ^'"'^^ - ^'^^'^ USPN: 5,155 1 57, 

5,250,550 and 5,405,91 9. The basic reaction is depicted below: 

Y R7— Rb— NH— (CH2— CH2— NH)4— CH2— CH,— NHp + X NO 



Y R7 



r 

N- 



RlO-]3 

{CH2 CH2 CH, 



-CH, 



■NH, 



in 
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r0O431 Wherein X is at least 2 and Y is an integer equal to or greater than 1 , providing that Y is never greater than 
X R, is a hydrophobic polymeric backbone in accordance with the teachings of the present invention, Rg may be 
nothing or a C^.^^ unbranched or branched alkyi group and R9.13 may be H or N^a- providing that at least one of 

5 raoiar ^lt°as been surprisingly discovered that the NO-release rates can be regulated by closely controlling the 
qeomelric configuration and monomer cross-linking of the final polyamine-derivalized polymeric backbone. Suitable 
qeomelric configurations include, but are not limited to, micro-beads ranging in size from 0.5 nm to 1 00 nrr. in diameter, 
amorphous polymeric compounds and polymers compounds cast into specific shapes. In another embodiment of the 
present invention the polymers have pores ranging in sizef rom 1 nm to 1 00 nm. The geometry and pore size associated 

10 with the hydrophobic amino-derivatized polymers of the present invention are achieved using procedures known to 
those skilled in the art and as described in: Jordi, H. 1999. Jordi Gel Columns for Size Exclusion Chromatography. In; 
Column Handbook for Size Exclusion Chromatography. Academic Press: New York, pages 367-425, the entire contents 
of which are hereby incorporated by reference. The base chemistry will be described below merely as a convenience 
to the reader. It is understood that persons of ordinary skill in the polymer arts would be able to produce the highly 

15 cross-linked, extremely hydrophobic polyamine-derivatized polymers of the present invention without the aid of the 

following description. . ,^ ^ ^ =.0 = wie 

r00451 A suitable purified hydrophobic monomer, such as but not limited to, divinylbenzene, is suspended as a dis- 
persion of small droplets in a continuous phaseof water and polymerized by free radical initiation using methods known 
to those skilled in the art. These processes result in the formation of spherically shaped non-porous beads. Porous 
20 beads are made in essentially the same manner except that one or more inert solvents is added to the monomer/water 
mixture The solvent used will ultimately control pore size. For polymer beads having relatively small pores solvents 
are selected in which both the monomer and the forming polymer are soluble. Nonlimiting examples of solvents used 
to generate small-pore polydivinylbenzene beads ranging from 0.5 m to 1 m include, but are not limited to. toluene, 
ethylbenzene, diethyl benzene and others. For polydivinylbenzene beads having larger pores suitable solvents include, 

S5 but are not limited to, isooctane, 1- or 2-butanol and t-amyl alcohol. 

r00461 Once the polymers of the present invention have been made, they may be provided with reactive secondary 
amines Briefly, the polymer beads are halogenated using bromine followed by chlorosulfonic acid using reaction con- 
ditions known to those of ordinary skill in the art. Next the halogenated polymer is reacted with a suitable polyamine 
such as but not limited to, polyethyleneimine. The polyamine derivatized-polymers of the present invention can then 

30 be polydiazeniumdiolated as discussed above. In one embodiment of the present invention, the diazeniumdiolate 
groups fomi preferentially on secondary amines. The degree of polydiazeniumdiolation b controlled by the solvent 
system used to form the diazeniumdiolate salts. When a pure organic solvent such as acetonitrile is used to suspend 
the polyamine-derivatized poVmer during the diazeniumdiolation procedure, every other secondary amine Is converted 
into a diazeniumdiolate group. The alternating secondary amines fomi ammonium cations resulting In stable zwltteri- 

35 ons However, when a cation containing solvent such as, but not limited to. sodium methylale is used diazeniumdiolate 
groups can fomi on every available secondary amine resulting in stable, sodium polydiazeniumdlolate salts on the 

r0047r Nitrk: oxide release from the polydiazeniumdiolated polymers of the present invention is regulated by the 
combined effects of cross-linking, pore size and the hydrophobic nature of the polymer. It will be recognized by those 

40 of skill in the art that the pol^nTieric compounds of the present invention are s'Qnificantly dWferent from those disck^sed 
in the USPNS 4,954,526, 5,039,705, 5,155,137, 5,212,204, 5,250,550. 5,366.997. 5,405.919 5.525.357. 5.650.447 
and 5 676 963 all issued to Keef er and Keefer et al (referred to collectively hereinafter as the "Keef er patents). Unlike 
compounds in these earlier Keefer patents, the polymers of the present invention are highly cross-linked. Cross-linking 
improves the structural rigidity and chemical stability of a given polymer. 

45 [00481 The temi "highly cross-linked" as used herein is consistent with its ordinary meaning as understood by persons 
skilled in the art of synthetic organic chemistry. Therefore, as used in the present invention, the term "highly cross- 
linked" is defined as a polymer substrate having an extensive networi? of primary chemical bonds linking the individua 
monomers together such that the polynner is essentially bound into a single molecule. This definition is not inconsistent 
with the general understanding of the "highly-cross-linked." For example, and not intended as a limitation when divi- 

50 nvlbenzene (DVB) is used to form the polymer beads of the present invention, the individual monomers of DVB become 
linked together (polymerized) by interactions between vinyl groups on neighboring DVB molecules. As the polymer 
chain grows additional polymerization reactions occur within the polymer chain resulting in a cross-linked matrix. Tlie 
more extensive these additional interactions are, the more highly cross-linked the polymer becomes. 
r00491 The extreme hydrophobicity of its divinylbenzene substituents prevents such a polymer from swelling when 

55 Immersed in aqueous solutions such as physiological or bodily fluids. While not wishing to be bound by any particular 
theory it is believed that in non- or poorly cross-linked diazeniumdiolated hydrophobic polymers of the type disclosed 
in the prior an and in the '91 9 patent, the intrusion of water and other protonating species into the interior of the polymer 
causes it to rapidly swell. As large hydrophilic channels are created, the protonation of sequestered diazeniumdiolate 
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groups within the polymer is facilitated and there Is a corresponding liberation of NO from the polymer 

[0050] This process contrasts with that of the highly cross-linked, extremely hydrophilic cross-linl<ed polymers of the 

present invention. Such polymers do not swell appreciably upon immersion in physiological solutions or bodily fluids- 

ToZTZV^V'^T'V^T^'''^'" '^"'^^'^^ °' '"^^ Significantly restricts the ability of water molecules 

o penetrate the polymer's interior, as a result NO release can be sustained for significantly longer time periods than 
those described .n the prior art. The ability to control the presence or absence of pores as well as pore sizes provides 

ZrTT °' Z'T'"^ P^'y"^^"" ^ 9'^^" application. For example, larger pores 

perm, more water to reach the d.azeniumdiolate groups in the polymer's interior while also providing enhanSd path- 

uZTr. ' TT °l '"^9"'' ^'^^'^^ °' ^° that Will be'released per ?nit 

.me and the shorter the duration of total NO release for a standardized NO load is likely to be. This degree of flexibility 

Lnd mrIrn'"?So'"' demonstrated and makes possible precise localized dosi g 

and metering of NO use in conjunction with medical devtees. 

T2^1oJJlZVT"^'7 polydiazenlumdiolated polymers of the present invention generate between approximately 
0.2 nmoles and 2.0 ^moles/mg of polymer These values represent a 1 00 to 1 000-fold increase over the amounts of 

th? noTn^ft ' '° r? °' ' NO-releasing polymers of the present invention have 

the potential to continually release NO for up to nine (9) months or more. This far exceeds any previously reported NO 
release rates or durat«n. For example, Bauer et al. report polyethyleneimine/nitric oxide adducts that released 0 2 
nmoles/mg of NO for a maximum duration of sixty (60) hours (J.A. Bauer, et al. 1998. Evaluation of Linear Polyethyl- 
eneimme/n.tr.c oxide adducts on wound repair: therapy versus toxicity. Wound Repair and Regeneration. Nov Dec- 
569-576) In another recently reported study, Mowery et al, reported polydiazenlumdiolated hydrophobic polymers' 
whose release of NO was measured in days rather than months as in the present invention (K.A. Mowery et al 2000 
Preparation and characterization of hydrophobic polymeric films that are thromboresistant via nitric oxide release' 
SZt -^'^1 """Tk':: ^y^^°P^°''*'= P°'y"^«^ <" ^^wery et al. were not highly cross-linked nor do they 

^ivemloU hydrophobteity. control over pore size and chemical stability as polymers in the present 

[0052] The Keefer patents report polydiazenlumdiolated polymers having a wide range of NO release rates and 
o^r'n ^pP'^^ S.e^e.gaa. and 5.718,892 report NO-releasing polymers having total NO 

generation capacities ranging from 3 to 11 nmoles/mg with NO release half-lives measured in minutes to hours The 
polymers disclosed in these patents tend to be hydrophilk: and non- or poorly cross-linked 

1!!^!^' . Furthemiore, while not wishing to be bound by any particular theory, the inventors believe that the increased 
NO loading capacity and sustained release rate of the polymers in the present invention is a multi-factorial phenomenon 
that includes polymer thickness, pore size, hydrophobicity. and degree and extent of cross-linking, and the type and 
number of secondary amine sites present on the polyamine substituent. In one embodiment of the present invention 
bead-shaped polymers are fomied that are then diazenlumdiolated. In another embodiment of the present invention 
extensively cross-hnked, polyelhyleneimine derivatized divinylbenzenes are formed having amorphous matrices of 
varying thickness, hydrophobicity, and pore size. The resulting polymer's porosity plays a significant role in NO release 
in aqueous solutions such as physiological or bodily fluids. For example, highly cross-linked, extremely hydrophobic 
po ymers of the present invention lacking pores do not exhibit an NO "burst" phase when exposed to aqueous proto- 
nating conditions. Rather, poreless highly cross-linked, extremely hydrophobic polymers of the present invention re- 
mn'^li -r? ^•"'^^''^ """"^P^'^^^^ '° ^^^^ P°'^°^^ beads release NO following their initial NO burst phase 

[0054] The inventors further proposed a non-limiting theory to partially explain the characteristic NO release profiles 
of the present invention. The high degree of cross-linking and extreme hydrophobicity present in nonporous polymers 
greatly restricts the ability of polar solvents like water to readily penetrate the polymer's surface. As a result in non- 
porous po^mers of the present invention, diazeniumdiolate groups lying just below the polymer's surface are not rapidly 
protonated and NO is slowly evolved from such po^mers without a rapid or "burst" phase of release. In contLt 
polymers containing pores which vary in diameter from 100 to 100,000 A allow water molecules to access a much 
higher proportion of polymer's surface area. Diazeniumdiolate groups residing near or just below the polymer's surface 
are rapidly protonated and there is a corresponding "burst" or rapid phase of NO release whenever these polymers 
come into contact with protonating physiological solutions or bodily fluids 

[0055] The following non-limiting examples offerfour methods for the preparation of the poVdiazeniurrKJiolated highly 
cross-linked, extremely hydrophobe polymers of the present invention. It is understood that using skills known to those 

rTe^hl^gTSr;'^^^^^^ 
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Examples: 



Example 1 

5 Polvdiazeniumdiolatlon of Pentaethylene Hexamine-Derlvatlzed PolYdlvinyl Benzene Micro-Bea ds using Acetonltrlle 
(size: Sum, porosity: 100 A) 

r00561 In a 50 ml Part® hydrogenation bottle was added 250 mg of pentaethylene hexamine-derivatized polydivi- 
nylbenzene micro-beads (size 5^m, porosity: 100 A) and 1 0 ml of acetonitrile. The bottle was attached to a NO appa- 

10 ratus and degassed by repeated cycles (x 1 0) of pressurization/depressurization with at 4 atmospheres. Next the 
bottle was pressurized/depressurizod with repeated cycles (x 10) of NO at 4 atmospheres. The vessel was then filed 
with NO at 4 atmospheres and stirred at room temperature for 48 hrs. After 48 hrs. the bottle was purged of NO and 
pressurized/depressurized with repeated cycles (x 10) of at 4 atmospheres. The acetonitrile suspension of poly- 
dlazeniumdiolated pentaethylene hexamine-derivatized polydlvinylbenzene micro-beads (size 5^m, porosity: 100 A) 

»5 was then transferred to a 12 ml test tube and centrifuged in a Dynac® table top centrifuge at 5,000 RPM for 7 min. 
The filtrate was decanted, 10 ml of acetonitrile was added and the pellet was resuspended using a vortex mixer. Two 
additional cycles of centrifugation-decantation-resuspension were conducted in acetonitrile and diethyl ether. The pro- 
cedure resulted in a solvent wet pellet of the substituted ammonium form of polydiazeniumdiolated pentaethylene 
hexamine-derivatized polydlvinylbenzene micro-beads at the bottom of the test tube. The pellet was dried by placing 

20 the micro-beads under a stream of nitrogen gas for 1 0 min. „, ^ u 

r00571 A 21 05 mg sample of the dry micro-beads was immersed in phosphate buffer, pH 7.4 at 37 C, whereupori 
chemiluminescence-detectable NO evolved during a 138-day period of analysis. The total NO released was measured 
at 6 21 X 10-6 mole or 0 18 nmole/mg. By carefully plotting the measured data from the initial 138-day period of NO 
release and extrapolating this curve into the future, it is estimated that NO-release from the micro-beads will continue 

25 for another 1 60 days (or approximately 9.8 months of continuous NO release). 



Example 2 



Diazeniumdiolation of Pentaethylene Hexamine-Derivatized Polyd ivinyl Benzene l^icro-Beads using a 6% Sodium 
30 Methylate Solution (size: Stxm, porosity: 100 A) 

rOOSBI In a 1 5 ml pear-shaped flask was added 300 mg of pentaethylene hexamine-derivatized polydivinylbenzene 
micro-beads(size5^rr,porosity:100 A) and10mlofa6%sodiummethylatesolution.Theflask was placed ina^ 
4751 Parrt? pressure vessel and degassed by repealed cycles (x 1 0) of pressurization/depressurization with N2 at 1 0 

35 atmospheres. Next, the vessel was pressurized/depressurized with repealed cycles (x 3) ol NO at 30 atmospheres^ 
The vessel was then filled with NO at 30 atmospheres and stirred at room temperature for 48 hrs. After 48 hrs, the 
vessel was purged of NO and pressurized/depressurized with repeated cycles (x 10) of Ng at 10 atmospheres. The 
flask containing the polydiazeniumdiolated pentaethylene hexamine-derivatized polydivinylbenzene micro-beads (size 
5um porosity: 100 A) was then removed from the vessel. The suspended micro-beads were then transferred to a 2 

40 ml test tube and centrifuged in a Dynao® table top centrifuge at 5.000 RPM for 7 min. The filtrate was decanted 1 0 
ml of methanol was added and the pellet was resuspended using a vortex mixer. Two additional cycles of centrif ugation- 
decantation-resuspension were conducted in methanol and diethyl ether. The procedure resulted in a solvent wet pelle 
of the sodium salt of polydiazeniumdtolated pentaethylene hexamine-derivatized polydivinylbenzene micro-beads at 
the bottom of the test tube. The pellet was dried by placing the micro-beads under a stream of nitrogen gas for 1 0 min . 

45 r0059] A 0 15 mg sample of the dry micro-beads was immersed in phosphate buffer. pH 7.4 at 37=C. whereupon 
Chemiluminescence-detectable NO evolved during a 57-day period of analysis. The total NO released was measured 
at 2 73 X 10-7 mole or 1.85 jxmole/mg. By carefully plotting the measured data from the initial 57-day period of NO 
release and extrapolating this curve into the future, it is estimated that NO-release from the micro-beads will continue 
for another 280 days (or approximately 10.8 months of continuous NO release). 



50 
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Example 3 



A Polymeric Blend Comprised of the Sodium Salt of Polydiazeniumdiolated Pentaethylene Hexamine-D erivatized 
Polydivinyl Benzene Micro-Beads (size: 5um. porosity: 100 A) and Polyvinybhloride 

rOOSO] In a KBr press was added 200 mg of polyvinyl chloride and 20 mg of the sodium salt of polydiazeniumdiolated 
pentaethylene hexamine-derivatized polydivinylbenzene (described in Example 2) and pressed using a hydraulic press 
to 12 000 psi The resulting fragile pellet was placed on watch glass and cover with tetrahydrofuran. The solvent was 
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allowed to slowly evaporate on the edge of a laboratory fume hood. The pellet which remained was briefly dried in 
vacuo and evaluated for its ability to release NO. 

' M°Vi ^^Jf^^P'^^'^^'^sis^i^g approximately 25 percent of the pellet (0.51 mg) was immersed In phosphate buffer 
pH 7.4 at 37 C, whereupon chemiluminescence-detectable NO evolved during a 14-day period of analysis. The total 

inm«rf r "'"^r.^^^'f ^-^^ ' ' °" °' ° '^^^^^""y P'°"'"9 ^he measured data from the 

initial 4-ddy period of NO release and extrapolating this cun^e into the future, it is estimated that NO-release from the 
micro-beads will continue for another 10 days. 

Example 4 

Poly(methoxymcthyl monodiazeniumdiolatod) Deriva t ive of Piperazine Derivatized Polvdivinvl Benzene Micro-Beads 
(size: 5n.m, porosity: 100 A) ~ ' ■ 

[0062] In a 15 ml pear shaped vessel were added 50 mg o) brominated polydivinylbenzene micro-beads 2 0 q of 
02-melhoxymethyl 1-(piperazin-1-yl)dla2en-1-ium-1, 2-diolate and 5 ml of tetrahydrofuran (THF), The mixture was 
heated to reflux under nitrogen gas stirred ovemlght. The next morning a dense precipitate had formed which was 
suspended in THF in a 12 ml test tube and centrifuged in a Dynac® table top centrifuge at 5,000 RPM for 7 min The 
filtrate was decanted, 1 0 ml of methanol added and the pellet was resuspended using a vortex mixer. Four additional 
cycles of centrifugation-decantation-resuspension were conducted in methanol and diethyl ether. This procedure re- 
sulted in a solvent wet pellet of the poly(methoxymethyl monodiazeniumdiolated) derivative of piperazine derivatized 
polydivinylbenzene micro-beads at the bottom of the test tube. The pellet was taken to d^^ness under a stream of 
nitrogen gas for 1 0 min resulting in 74 mg of product, 

[0063] A 1,5 mg sample of the dry micro-beads was immersed in phosphate buffer, pH 7,4 at 37°C whereupon 
chemiUiminescence-detectable NO evolved during a 5-day period of analysis. The total NO released was measured 
at 3.12 x 10-8 mole or 0.021 ^mole/mg. By carefully plotting the measured data from the Initial 5-day period of NO 
release and extrapolating this curve into the future, it is estimated that NO-release from the micro-beads will continue 
Tor another 7 days. 

[0064] Nitric oxide analysis was perfomied using a nitric oxide analyzer and was patterned after the procedure of 
Maragos, et al. 1991 . J. Med. Ghem., 34 3242-3247 (the entire contents of which is hereby incorporated by reference) 
Bnefly, a reactor vessel fitted with a septum is charged with a small quantity of test polymer and the system is purged 
of oxygen using helium gas. The reaction is initiated by injecting 2 ml of 0. 1 M sodium phosphate buffer pH 7 4 through 
the vessel septum. The NO-containing gaseous effluent is swept away and into a chemiluminescence detector (Thermal 
Energy Analyzer Model 502LC, Themiedics. Inc. Woburn, MA). Data are electronically analyzed and compared to 
Known standards. 

[0065J The highly cross-linked, extremely hydrophobic polyamine derivatized NO-releasing polymers of the present 
invention can be used in a variety of applicattons where both short-term and long-term NO release is desired For 
example, certain cardiovascular applications may require high NO "bursts" immediately after stent or vascular graft 
implantation followed by sustained low level NO delivery for weeks to months. Alternatively, there may be applications 
where continuous NO levels are preferred and a burst effect is undesirable. In these cases, the NO-releasIng highly 
cross-linked, extremely hydrophobic polymers of the present invention can be specifically formulated to achieve these 
rcSUiis . 

[0066] The highly cross-linked, extremely hydrophobic NO-releasing polymers of the present invention are quite 
versatHe and can be used to deliver therapeutic and prophylactic NO levels to any anatomical tocation. For example 
the hydrophobic polymers of the present invention can be co-polymerized or blended with other biocompatible polymers 
such as, but not limited to, polystyrene, polypropylene, polyethylene polytetrafluoroethylene, polyvinylidene polyeth- 
yleriimine polyesters, polyelhers, polyurethanes and the like. The resulting polymers can then be used to fabricate 
implantable medical devices ranging from stents for cardiovascular applications to penile implants for the treatment of 
sexual dysfunction. Moreover, the highly cross-linked, extremely hydrophobic polymers of the present invention can 
ateo be formed into micro-beads as previously described. These beads can be injected via a catheter into the coronary 
arteries. After injection, the NO-releasing micro-beads would migrate into the extremities of the coronary circulation 
and become lodged at points where the vessel lumen is smaller than the bead's diameter. Nitric oxide would then be 
released locally from the beads at levels sufficient to induce angiogenesis. The size of the micro-beads would be 
controlled so as to prevent them from blocking larger arterioles and exacerbating the ischemia resulting from the on- 
going stenosis. " 

[0067] The biocompatible highly cross-linked, extremely hydrophobic polymers of the present invention can be used 
to coat a wide range of medical devices made from a variety of materials including, but not limited to, metals glass 
ceramics, fabrics and polymers. Moreover, the micro-bead embodiment can also be used to fashion prostheses such 
as porcine and bovine heart valves with NO-releasing surfaces. Consequently, the performance of medical implants 
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and prostheses provided with NO-reieasing compounds of the present invention will be greatly enhanced. For exarnple, 
a medical device such as but not limited to, a pacemaker can be provided with an NO-releasing surface made from 
polymers of the present invention. Following implantation, the NO release from such a polymeric coating would help 
reduce inflammation, promote wound healing and prevent post-implantation infections. As a result, the patient's overall 
recovery time would be significantly altered. Other expected benefits include a decrease in postoperative side effects, 
shortened hospilalizalion, and reduced healthcare related expenses. 



Claims 

1 . Highly cross-linked, extremely hydrophobic nitric oxide-releasing biocompatible polydiazeniumdiolated polyamlne- 
functionalisod polymers. 

2 A highly cross-linked, extremely hydrophobic nitric oxide releasing biocompatible polymer according to Claim 1 
wherein said biocompatible polymer is a polyamine derivatised form of polydivinylbenzene having the general 
formula: 




CH CHz CH CH; 




CH CH, Ri 



X3 



wherein through R4 are the same or different and may be H, phenyl, benzyl, vinylbenzene, divinylbenzene un- 
substituted and substituted alkyi and substituted and un-substituted aryl groups, X^.^ are same or different and 
may be H, a halogen, an un-substituted or substituted alkyI and substituted or un-substituted aryl groups providing 
that the resulting polymeric backbone remains hydrophobic and wherein at least one of R5 and Rg is: 



R 



10-13 



Rg N (CH2 CH2 N)4 CH2 CH2 NH2 



wherein R7 is a hydrophobic polymer backbone, Rg may be nothing or a unbranched or branched alkyI group 
and R9.13 may be H or N2O2 providing that at least one of Rg.13 is NgOg. 

The highly cross-linked, extremely hydrophobk: nitrk: oxide-releasing biocompatible polydiazeniumdiolated 
polyamine-functionalised polymers of Claim 1 or Claim 2 wherein said polymer forms micro-beads or amorphous 
masses. 

The highly cross-linked, extremely hydrophobic nitric oxide-releasing biocompatible polydiazeniumdiolated 
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mtirf T-T"'' °' ""'^ ' ^"''^ micro-beads have diameters ranging from approxi- 

mately 1 ^m to approximately 100 ^m. "hh'"*! 

5. The highly cross-linked, extremely hydrophobic nitric oxide-releasing biocompatible polydiazeniumdiolated 
polyamine-functionalised polymers of Claim 3 wherein said micro-beads have pores. y«'«^«"'""^d'o'ated 

6. The highly cross-linked, extremely hydrophobic nitrfc oxide-releasing biocompatible polydiazeniumdiolaied 
rmTe^^t: SOoZ' I" '^'""'^ °' ""'"^ ' ^'^'''^ ^^'^ ^^"^-"^^'^ -9'"^ aPP- 

10 

LTvam^?fun°I'"''';'°H' ^f^^^^'y^ly'^-Ph^b^ nitric oxide-releasing biocompatible polydiazcniumdiolated 
polyamine-functionalised polymers of Claim 3 wherein said amorphous masses have pores. 

8. The highly cross-linked, extremely hydrophobic nitric oxide-releasing biocompatible polydiazeniumdiolated 
polyamme-funcfonalised polymers of Claim 3 wherein said amorphous masses have pores rLg.ng nTize ftm 
approximately ranging from 5 to 500.000 A. mging m size rrom 

9. A highly cross-linked, extremely hydrophobic nitric oxide-releasing biocompatible polydiazeniumdiolated pentae- 
^ thylene hexamine derivatised form of polydivinylbenzene according to Claims 1 to 8. '"^'o'^'^'^ Pen«ae 

noT^^^'Z'V'''^"'^-' """^ oxide-releasing biocompatible methoxymethyl-protected mo- 

nodiazeniumdiolate of piperazine derivatised form of polydivinylbenzene according to Claims 1 to 8. 

25 JUiy^^ cross-linked, extreme^ hydrophobic nitric oxide-releasing biocompatible polymers of Claims 9 or10 

^5 further compnsing a micro-bead having a diameter ranging from 1 ^m to approximately 1 00 ^m. 

12. The highly cross-linked, extremely hydrophobic nitric oxide-releasing biocompatible polymers of Claims 9 or 10 
further comprising a micro-bead having pores ranging in size from approximately ranging from 5 to 500,000 A 

30 13. The highly cross-linked, extremely hydrophobic nitric oxide-releasing biocompatible polymers of Claims 9 or 10 
further comprising amorphous masses having pores ranging in size from approximately ranging from 5 to 500,000 
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14. A therapeutic agent comprising the high V cross-linked, extremely hydrophobic nitric oxide-releasing biocompatible 

polymers of any one of Claims 1 to 13. kquuic 

LZ^r^rV^1^.7°T'^-''^ V^"^ cross-linked, extremely hydrophobic nitric oxide-releasing biocompatible 
vlT , f 7 °f ^^'^"'^^ grafts, pacemaker leads heart 

oTulrTTT' "T"; P"""^ *«-P°"«. sanitary napktns 

us^ for N^H '"^ T • "T^"' 'dressings/bandages, blood collection bags and storage tubesXbing 
used for blood transfusions and hemodialysis, and the like according to any one of Claims 1 to 1 3 

^la^^'^V^^'''^ ""T"^ comprising a highly cross-linked, extremely hydrophobic nitric oxide-releasing biocom- 

mt er ■ T 7 "I '""''"^ ^^"P °' gra's pace- 

maker leads, heart valves, electrodes, sensors, trocars, guide wires, catheters, penile implants, condoms tam- 
pons^sanitary napkms ocular lenses, sling materials, sutures, wound dressings/bandages, blood collection baTs 
TaiTuoV3 ' ^"'d hemodialysis, and the like according to any one of 

ITvd^^^nllTI'^r'^^ 

polydiazeniumdiolated polymers according to any one of Claims 1 to 13. 
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